We report the threshold shift induced by externally applied noises for electrohydrodynamic convections (EHCs) in both planarly and homeotropically aligned nematic liquid crystals as well as in both the conduction and dielectric regimes. Owing to the difference in timescales among the intrinsic properties of EHCs, externally applied noises, and deterministic fields, the stabilization or destabilization effects induced by noises are observed. In particular, the difference in the threshold shift between both alignments is found, and discussed in terms of the EHC mechanisms for both alignments. Moreover, a noticeable noise-induced threshold shift is observed in the dielectric regime, which is markedly different from that in the conventional conduction regime.
Noise-induced phenomena in dissipative systems are one of the most fascinating research topics for understanding the intrinsically important roles of noises and fluctuations in nonlinear systems, and their studies have often led to the discovery of new dynamics. For instance, stochastic resonance, 1, 2) multiplicative stochastic processes, 3, 4) and noise-induced order (or phase transitions) 5) are well-known nontrivial noise phenomena. In the present study, we address ac-driven electrohydrodynamic convections (EHCs) superposed with external multiplicative noise.
The essential features of EHCs can be mainly understood in a planarly aligned nematic liquid crystal (NLC), as shown in Fig. 1(a) . 6, 7) When one applies a sinusoidal ac voltage VðtÞ ¼ V 0 sinð2 ftÞ across a thin slab between two electrode plates (typical thickness d ¼ 10 {100 mm), one observes EHCs beyond a threshold V c , a certain intensity of VðtÞ. For EHCs, the initial orientation of the director n, a unit vector representing the locally averaged orientation of rodlike molecules of NLCs, plays an important role in pattern formation. In EHCs, director fluctuations accumulate inhomogeneous charge distributions in the slab owing to the electric conduction anisotropy of NLCs (Á 6 ¼ 0). Above the threshold voltage V c and at sufficiently low frequencies f of VðtÞ such as f ( 1 and d f ) 1, material flow is induced via electrohydrodynamic instability induced by the oscillation of charge distributions. Here, and d are charge and director relaxation times, respectively. This low-frequency regime is called the conduction regime; here, one observes regular Williams domains [WDs; see Fig. 2(a) ]. In a high-frequency regime such as f ) 1 above a certain characteristic frequency f Ã , called the dielectric regime, on the other hand, the charge distribution is stationary and independent of VðtÞ. Moreover, the director oscillates with the ac-field frequency. Here, one observes a herringbonelike pattern called the chevron pattern [CV; see Fig. 2(c) ].
There are two types of pattern formation processes for EHCs depending on the initial alignment of NLCs. In the planar case shown in Fig. 1(a) , one finds successive pattern formations to turbulence with increasing VðtÞ. In the homeotropic case shown in Fig. 1(b) , on the other hand, immediately after the Fredericks transition (FT), the socalled soft-mode turbulence 8, 9) [SMT; see Fig. 2 (b)] occurs with increasing VðtÞ.
When superposing external noise NðtÞ (with intensity V N ) on the EHCs in the planarly aligned cell, one observes a shift in the threshold voltage (V c ) owing to the stabilization effect of the noise to the initial state. 3, 4, [10] [11] [12] [13] [14] Previous studies have shown the linear relation, V , it changes into a homogeneous Fredericks state in the xy-plane. Namely, the C-director for the projection of the tilting director n onto the xy-plane is adjusted to a single orientation in the whole xy-plane owing to minimization of its free energy. Consequently, the Fredericks transition spontaneously breaks a continuous (rotational) symmetry (in the xynoise (V N ¼ 0). This relation can be readily derived from two time-dependent simultaneous equations for the director and charge in superposition fields. 10) However, it is valid only for the conduction regime because of the assumption of a stationary director field [i.e., NðtÞ changes much more rapidly than the director field]. The slope b (> 0) of the linear relation is affected by the correlation time ( N ) of the noise. 12, 14) The slope b is sometimes zero (i.e., no effect of the noise) or negative (i.e., the destabilization effect of the noise) between some intensity ranges of the noise (see below). 12, 15) On the other hand, we have recently found pure-noise-induced EHCs (i.e., in the absence of the ac field) as well as the destabilization effect of the noise (b < 0) in the homeotropically aligned cell. 15) Unlike the case of homeotropic alignment [n 0 ¼ ð0; 0; 1Þ], however, it is more difficult to find pure-noise-induced EHCs in the planar case with different initial symmetries [n 0 ¼ ð1; 0; 0Þ]. In particular, considering ac-driven EHCs at an almost equivalent threshold (V c ¼ 6 { 8 V for f ( f Ã ) in both alignments, 14, 15) this is inexplicable. This point is our focus in the present paper. We have investigated EHCs while controlling the external multiplicative noise (i.e., its intensity and cutofffrequency) in both conduction and dielectric regimes for both alignments. Experiments were carried out as follows. An electric ac voltage VðtÞ superposed with an external multiplicative noise NðtÞ was applied across a thin slab of an NLC [p-methoxybenzilidene-p 0 -n-butylaniline (MBBA)] sandwiched between two parallel transparent electrodes. A Gaussian-type noise NðtÞ created by a wave-generating synthesizer (Hioki 7075) and amplified by a wide-range amplifier (0 < f < 500 kHz, FLC Electronics A600) was used. In particular, a cutoff-frequency ( f c )-dependent colored noise was generated from the low-pass filters of the synthesizer, which allows low-frequency signals to pass but attenuates signals with frequencies higher than f c . In this study, the intensity V N ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi hNðtÞ 2 i p Á d and f c of the noise NðtÞ, and the intensity V ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi hV 2 ðtÞi p and frequency f of the ac voltage VðtÞ were used as control parameters. The thickness d of the NLC slab between transparent electrode plates was 50 mm, and the lateral (active) size was 1 Â 1 cm 2 . The patterns were observed in the xy-plane parallel to the electrodes using a chargecoupled-device camera (Sony XC-75) mounted on a polarizing microscope (Meijitech ML9300). To capture and analyze the patterns on a computer, image-processing software (Scion Image Beta 4.0.2) and an image board (Scion PCI-VE5) were used. All of the measurements were carried out at a stable temperature (25 AE 0:2 C) using an electrothermal control system (Japan Hightech TH-99). At this temperature, the electric conductivities and dielectric constants of the NLC in our sample cell were measured with a LCZ meter (NF2341) at f ¼ 1 kHz and found to be k ¼ 3, 10, 12, 14) The slope b (i.e., the sensitivity of the EHC to noise) increases monotonically with f c , as shown in the inset of Fig. 3 . If an ideal white noise ( f c ! 1) is applied, V c diverges owing to the strong stabilization effect of noise (V c ! 1). However, the behavior of V c ðV N Þ for lower f c (100, 200 Hz) evidently deviates from the relation. As mentioned above, the destabilization (b < 0) or lack of effect (b ¼ 0) of noise is observed in some ranges of Fig. 4 ] are more difficult to be found in the planar case. In the present planar sample, no pure-noise-induced EHCs were observed, although they have been observed in previous studies. 12) This may probably be due to the difference in f Ã , i.e., the electric conductivity (approximately a factor of 3 between present and previous cells). However, this is only a conjecture at this moment and the real reason remains to be determined.
In the homeotropic case, on the other hand, the behavior of ! 50 kHz) . This V N -dependent behavior is reminiscent of stochastic resonance. 1, 2) In the present case, when a noise with an appropriate intensity V o N is added to the system, the system responds to the minimal intensity (V c ) of ac voltage such that EHCs are induced. In the case of sufficiently colored noises ( f c 500 Hz; nearly, on the order of the characteristic frequency f Ã ¼ 265 Hz), the noise exhibits no effect on EHCs, as shown in Fig. 5 (owing to experimental limitations, no data of V c at larger V N have been found). Unfortunately, there is as yet no theoretical study on these noticeable noise effects in this dielectric regime, which cannot be explained by the linear relation for the conduction regime. 3, 4, 10, [12] [13] [14] On the other hand, the behavior of Furthermore, the difference in behavior of V c ðV N Þ between the two alignments with different initial symmetries is more noticeable. The slope b (i.e., the sensitivity of the EHC to noise) in the homeotropic case is smaller than that in the planar case, as shown in Figs. 3 and 4 . In other words, the EHCs in the homeotropically aligned cell weakly experience noise as the stabilization effect, in comparison to those in the planar case. This is due to the appearance of more complex structures such as SMT in the homeotropic case, because SMT intrinsically includes large fluctuations. A similar result was observed previously; for example, the threshold shift for grid patterns induced by noises is smaller than that for WDs. 12) Moreover, since this tendency is more distinct for sufficiently colored noises ( f c 500 Hz), b ¼ 0 (no effect of noise) and b < 0 (the destabilization effect) are observed in the entire V N (> V o N ) range (see Fig. 4 ). Thus, pure-noise-induced EHCs are more strongly induced in the homeotropic case. This may be explained as follows. Generally, the EHC in the homeotropically aligned cell is preceded by the FT; beyond a certain voltage V F , the director tilts with respect to the z-axis [see Fig. 1(b) ]. Thus, the director has a nonzero projection (the C-director) on the xyplane for V F < V < V c , which is homogeneous and arbitrarily selected. In other words, the continuously rotational symmetry is spontaneously broken by the FT. Consequently, the Nambu-Goldstone mode is induced in the homeotropic NLC system and more complex flow structures appear. 8, 9) As discussed in our previous papers, 9) the Nambu-Goldstone mode plays a crucial role in inducing SMT. Since SMT is noise itself, the effects of noise on the EHC in the homeotropic case are different from those in the planar case. This could be the reason why different noise dependences, as shown in Figs. 3 and 4 , may be realized in the system. Our investigation of the effects of noise related to the NambuGoldstone mode, which is controllable by applying a magnetic field, 16) is in progress. In summary, we have demonstrated the systematical difference between threshold shifts induced by noises on EHCs in both planarly and homeotropically aligned cells, as well as in both conduction and dielectric regimes. The Nambu-Goldstone mode plays an important role in explaining the difference. We have clearly shown that the difference in timescales among deterministic ac voltage ( f À1 ), external noise ( f À1 c ), and intrinsic characteristic time ( f ÃÀ1 : due to material constants) induces a variety of effects of noise. A deep understanding of the effects of noise will lead to a more fruitful perspective on noise-controlled applications. 17, 18) 
